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ABSTRACT

A previous reliability research effort by Battelle generated an analytical technique
calied the Moment method for predicting drift-type failures in components and syetems.
This technique is based on the Propagation of Variance formula, which combines data
derived from the system or system model, and parameter tolerance data, to formulate
an estimate of the probability that the system will perform within specifications at the
initial or some future time of operation.
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This report discusses the application of the reliability-prediction technique to a
momentum-exchange-type attitude control and stabilization subsystem for a satellite, a
liquid-metzl servo actuating subsystem, and an electrohydraulic servo valve.

: A mathematical model was completed for the momentum-exchange-type attitude
: control (fluid flywheel), significant system parameters identified,/the analysis of the i

N expected system degradation over time was made, and a prediction of efficiency and
’ reliabilitv is presented in the report.

Performance characteristics used to define system performance for the fluid- |
flywheel system were: '

(1) Settling time for an input step

(2) Open-loop peak efficiency.

Since parameter variability data as a function of time were essentially nonexistent, it

i was estirnated that system gain and fluid-friction factor would be the system param-
eters most likely to drift over time. (A test plan designed to obtain the desired param-
eter variability data is appendixed to the report.) Settling time was observed to be a

3 discontinucus function of both system gain and friction factor due to the definition of

' settling time rather than a physical phenomenon. Open-loop peak efficiency for the

, flywheel is defined in the same way as the efficiency for an a-c or d-c servo motor.

g The resulis of the investigation give the parameters to which their performance criteria

are most sensitive and the percentage contribution of each parameter to the performance

‘. criteria variances.

! ¥ The pump and actuator portion of the liquid-metal servo actuating subsystem were
o similarly modeled, sensitive system parameters identified, and critical points of
degradation estimated from analyais of the Propagation of Variance study. Study of the
ar.alog model for the pump and actuator yielded the partial derivatives of system and
] coraponent performance characteristics with respect to those parameters that were
L | identified as being susceptible to degradation. The results indicated that wear in the
1 - actuator piston rings is probzbly the most critical area in the system with respect to
drift reliability. This is based on the assumption that the rod seal and bearing in the
actuator perform satisfactorily. The servo control valve was not analyzed because the
design for this component is incomplete.

? The servovalve was modeled on the enalog computer, and the sensitivity of per-
3 formance characteristics with respect to variations in the physical parameters was
investigated. Design optimization was achiaved through reduction of those partials of
the Propagation of Variance Formulathat had large values and/or were related to
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parameters whose time rate of change wan expected to be significant. The second step
in this study was the development ol 8 quantitative prediction of the relative reliability
improvement expected irom a new va. e design with respect to the characteristic of
peak quiescent flow. The third activity on this task was the performance of life tests
on two modified and two unmodified serve valves. The modified valves were those con-
structed in accordance with the findings of the analysis of the analog model. The pre-
dicted improvements in quiescent leakage and frequency response were verified by the
laboratory teste. In addition; a significant improvement in feedback-wire-tip wear
occurred in the redesigned valves.
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SYMBOLS
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Symbols lor Task 1
A Diffuser ratio ¥ Moment of inertia of the fluid fiywheel
N Performance characteristic Ky, Loop-loss constant
y 1 Msan value of the performance characteristic Ky Valtage-amplifier gain
a Friction-factor constant at equilibrium l!vo Initial value of voltage-amplifier gain
a-b Initial value of the friction-factor constant K, Current-amplifier gain
a Friction-factor time constant Ky Back-emf loss constant
3B Magnstic-flux density ¥ Diffuser loss constant
C Diffuser constant Kg Pumnp-gain constant
Dg Sensor dead band Ky First rate constant for voltage-amplifier
) gain change

D) Loop dizmeter

X3 Second rute constant for voltage-amplifier

Tube diameter gain change
Peak efficiency L Electrode length
I:o Peak efficiency st system lifetime of sero L Length of the current path in magnetic field
hours (initial paak efficiency) )

A Coastant associated with calculating diffuser
Eg Thevenin voltage source wificiency
Ey Back emf M Fluid viscosity {mercury)
Esp0 noars Peak efficiency at system lifetime of ny, Number corresponding to the portion of a

500 hours distribution below the lower specification
limit

g yoars Peak efficiency at system lifetime of 5 years

ny Number corrcsponding to the portion of a
- Base of natural logarithms normal distribution above the upper speci-

fication limit

b Diffuser efficiency

-y Fluid angular velocity in the loop
fe Friction-factor constant

£ Input power to system
yF Force

Pr1, Fixsd power loss in systam electronics
4 Fanning {riction {actor

Py, Pressure drop in loop
'y Acceleration due to earth's gravity

Po 3ystem power output
r Fluid weight density (mercury)

Pq Preasurp drop in diffuser
H Angular momentum

Py Parameter
h Pump channel height

a Net system pressure
1 Amplifior output current (pump input current)
ag, Portion of the aistribution corresponding to ng,

ig Nortoa current source

P’U Portion of the distribution corresponding to ny
i P l.' Current in the pumping channel
N Pp Pressure drop in pump
Jy Mcement of inertia of the vehicle
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Symbola for Task 1
{Continaed
Pressure developed by the purnp
Mear. value of the paramaeter
Mercury-clectrods contact resistance

Amplifier-output resictance

Sum of amplifier-output resistance and
marcury-electrode contact resistance

Reynolds number

Pump {rirging resistance
Pump channel resistance
Correlation cosfficient
Lower specification limit
Upper specification Jimit

Standard deviation of the open-loop peak
efficiency

Standard deviation of the performance
characteristic

Standard deviation of the paramater

Standard deviation of voltage-amplifier gain

Initial standard deviation of voltage-amplifier
gain

First rate constant for voltage-amplifier
standarc-deviation change

Second rate coastant for valiage-amplifier
standazd-deviation change

Standard deviation of the zetiling time
Torgne ioss in loop

Torque loss due to back emf

Torque loss in diffuser

Torque without systam losses

Nat torque avsilable to accelerate the fluid
Torque loss in pump

Time

Settling time

Settling time at system lifetime of sero
hours (initial settling time)

8500 hours  Stling time at system lifetime of 500 hours
"5 years Settling time at system lifetime of 5 years
o, Angular-position input command sigmal
€y Angular-poeition error signai
"DB Angular-position srror-signal ontput from
somgor dead band
op Angular position of pitch axis
on Angulzr position of roll axis
Oy Angular position of yaw axis
r Vehicle angular-position response
y,v Flaid velocity
Vg Volisge satuyrstion lavel
w Pump channe] width
Symbols for Tusk I

Main Characters

A

O % § B > r 8 A R & =

xiii

Area (in.2)
_Dismetral clearance (ia. )
Cosfficient
Actuator piston radial cloarance (in. )
Rydraalic ratius (in. )
Dismater {in.)
Gravitational conetant (ft/eec. %)
Moad (fr)
Sos Equatica (46) (1n. ?)
See Equation (46) (1n.3)
Ses Equation {51) (in.2)
Fiow length [See Equation (¢8) (in. )]
Leakage leagth {in. )
Mass
Siip facter
Pressure (pol)
Flow (cis)
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for Tack II

Loakage {cis) Do
Sadive o) ]
h\nﬂ‘o smmbter r
] Impelior-Sade circumfareatial tﬁdn-n {in.) 1
. Tengentiol valocity of impolier tip (in. foec) 10
v Velocisy (ix. foec) %
w Impeller-blade width (in. } "
x Mmgalse factor ar distance N
z Wumbder of blades en impoller . R
a Direction of abeobute velocity, diffeser vane s
sagle (deg) (sew Figure 31)
’ Impeller-tinde angle (dog) or bulk savdulne "
tpai) th
v Dessity of NoX (ib/ia, 3) »
s Axdal clearunce (in. ) P
€ L Rgimy )
e Retio of radil that bound a radial leskage path ¢
A See Equation (48) .
» Absolute viscosity of NeX (b sec/in. ?) t
v nlp, Xinamatic viscosity fin. 2/sec) .
¢t Demping factor
- Ratationel epeed at frequency (radians/secd) A
L See Kquation (57) Ao
$2tm)  Seo Equatien (53) CaLLLDP
4] See Equatiam (24)
’ Mase density of NaK (1M sec?/in. ¥) ‘o
Cat a) prevotation tacter Cw
Co
Bubec ripte
- Position identification in pump (See col
Figure 32) Crar
A Actuster Cq
a-) Stage identification (See Figure 31) Cas
n Diffucer inlet
xiv

IR ORI TN .

Diffuser sutiat
Eysivalont
Front hearing, frost seal, or friction
Impuise at diffuser
Impulse at inlet
Loss, load, or leakage
Mixing, middls bearing
MNatural
Rear bearing
Pamp supply
Supply area
Theoretical
Impeller biade:
Piston
Fump outlet (preasure)
Radial
Spool
Thrust baaring
Tangeatial

Symbols for Tesk I
Nossls area (in.?)
Orifice area (1n. "}

Bushing leakage coefficient, losd Port
Me. 1 to draia {cis/psi)

Draiun-orifice flow coefficient

Neaals {low cosfficient

Orifice flow coefficient

Orifice flow coeflicient (one side only)
Specl leakage coelficiaxt (cis %/psi)
Spool-bushing port discharge cosfficient
Bushing radial clearsace (in.)
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%n t& Euk m % for Task 11
Cns Seal radiai clearance (in.) Qp, Abruvion- sensitive quiescent leskage {cis)
CgLLI-DP 8pool leakage coefficient, load Port No. | Qg Rrosion-sensitive quisscent leakage (cis) 4
to drain (cis/pei) h
Qy Valve flow (cis)
D Noaals diameter (in. )
. - Slot widih (s, )
Orifice diameter (in.)
Xasax Specl maximum stroke £ in.
dp Beshing diameter (in.) rom conter {la.)
. Ys Sposl pesition (perceat of maximum stroke
dy Sypool diameter (in. ) from comter)
FR Freguency respounse {db) R 7Y Spool position corresponding to minimum
. speol Inakage-path longth (%)
i by Noasla flapper distance on one side with no
i armature deflectioa (in.) YSLAP Usderiap (% of maximum stroke frem center)
? i Torque-motor differential current {ma) Yy Spoel displacement gain (% of maxigum
streke per milliamep) i
INal) Null current (ma) i
L] Armasiure deflsction (% of maxirnam rotation i
Erosive wear coustant [in.3 of solid eroded frem center) !
per in. 3 of fluid per unit of fluid volocity ‘
{in. /eec)) Dymasaie phass lag (dog)
Kidbe Feedback-wire spring rate {Ib/in.) Fiuid viscosity (Ib sec/in. )
Kp Spooi-bushing port pressure drop Mass donsity (b necd/in. 4)
characteristic (pei %2/cied)
J | Leakage-path length (in. )
M Abrasive wear constant {in. me/cycle %)
N Number of operational cycles
a Number of spool-bushing flow ports on sach
ond
Py Prossure in Load Line A
Pp Pressure (n Load Line B
' Ppp Draia-port pressure (pei)
; Pz Leed precsure in comtrol lins (pei)
' ! Pyi» Pz Pressure in Noasles 1, 2 (pel)
. Supply pressure (pei)
APy Housle diffsrential pressure or centrol
pressure (pei)
P’v aQ Speol leakage
Q. Q2 Nosslo flews (cis)
Qenp Lamisar epesl end leaiiage {cis)
Qg Quiescent loakage flow (cis)
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INTRODUCTION

Most present reliability analysis and estimating techniques are based on statistical
techrniques and catastrophic failures, This approach is not appropriate for electro=-
mechanical devices and small-quantity production items, such as advanced vehicles,
which are designed to be subjected to extreme environments, In addition to small-
quantity production, the development and evaluation of new concepts and designs for
advanced missions and environments are constrained by increasing relisbility require-
ments, decreasing calendar time for the evolution of 2 design, more complex functions,
and smaller packaging. New methods must be developed to predict the reliability of
new and critical flight-control components having unique design and application, smalle
production quantities, and relatively short design lead time.

Battelle has been conducting research on the development of the Moment method
of analysis of drift failures in electromechanical devices and, under the present con-
tract, has undertaken the task of extending and modifying the techniques developed and
applying these techniques to three specified systems: a momentum-exchange-type
attitude-control and stabilization subsystem, a liquid-metal servo-actuating subsystem,
and an electrohydraulic servo valve. These systems and components have been
simulated mathematically on the analog computer. The results show the relationships
between system performance characteristics and individual parameters, thus providing
information for design optimization and reliability predictions.

Although the technique may be considered as still in its basic stage of dovelop-
ment with some simplifying assurnptions required to implement it, the applications
demonstrated in this project indicate its feasibility, as well as providing guideliznies
for similar applications to other systems, The technique described is of proven value
for design analysis and optimization, and reliability prediction of drift parameter
degradation. Battelle has been conducting research and development of the technique
for 3 years under Air Force contract. The initial study, conducted under Contract
No. AF 33(657)-7978, to develop the analyticzl techniques was reported in Technical
Documentary Report No. ASD-TDR-63-287 dated January, 1963. The research was
continued through the application and further development of the techniques, using as
an example an electrohydraulic servo valve and an associated flight-type linear
hydraulic actuator. This work, conducted under the same contract, is reported in
Technical Documentary Report No. FDL-TDR-64-50 dated August, 1964,

This report is divided into three distinct sections, each representing a complete
and independent report for its respective task. Lists of symbols are applicable only to
the particular section of the report with which they are associated. Brief abstracts,
summaries, and conclusions are contained within each of the three report sections.
Supplemental material containing information which may be considered proprietary by
other contractors has been delivered to the program Technical Monitor., Included in’
this supplemental material are:

(1) Equations for Mathematical Model of Centrifugal Pumps

(2) Derivation of a Method for Determining the Nonsteady-State Power
Requirements for a Centrifugal Pump

(3) Approximate Method for Determining the Prescure Differential Across
the Faces of a Centrifugal Impeller Blade
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(¢) Analog Computer Wiring Diagram and Potentiomater Settings for
Pump Simulation Program

t” Relationship Between \’olumn of Eroded Material ant Increase in
‘ Lap Stmc«.

SUMMARY
I T General

‘This résearch “as been concerned primarily with the application of the Moment
maothod of viariadility analysis as a means of reliability prediction applied to three speci-
fic flight-contrel rystems. Emphasis was on the application of this previously developed
technique to provide a basis for cthers to utilize it with their own systems. The analysis
is concerned with the gradual shift in one or more performance characteristics as a re-
salt of internal parameter variations produced by environmental and time-dependent ef-
Cects, thus causing the performance to shift outside of specification limits., The goal
then is to preadict the probability that a device will exhibit performance characteristics
within the required limits for a specified period of time in the specified environwment,

The Mument method is bazad on the Propagation of Variance formula, 2quating total

" variability for each performance characteristic to the sum of the contributions of varia-

bility from all the related internal and input parameters., The results of the analyseas
idenify the relationships betwesn the input parameters and the output characteristics,
and provide a weighting of these relationships, thus enabling identification of those
parxmeters most likely to cause severe degradation of the syatermn and permitting a pre-
diction of system raliability over time if the input parameter data are known,

The thres systemus studied on this project were: (1) momentum-exchange-type
attitude iontrol and stabilization subsystem, {2) liquid metal (NaK) servo-actuating sys-
tem, and (3) an electrohydraulic servovalve. The research was conducted in three
reparate tasks, and this report has been organized accordingly.

Task 1. Momentum-Exchange~Type Attitude Control and
Stabilization Subsystem

The investigation into the drift reliability of the fluid-flywheel system considered
the system performance specified by the performance charactevistics: (1) settling time
for an input step and (2) open-loop peak efficiency, Settling time was given an upper
specification limit of 14,5 seconds, and peak efficiency was given a lower specification
limit of 3 percent,

Paramaster-varizability data as a funciion of time were essentially nonexistent,
Battelle gensrated a test plan designed to obtain the narameter-variability data. The
test plan is submitted as an appendix to this ieport,

From munufacturers' information and pusct Battelle experience, it was decided that
system gain and the fluid-friction factor would be the system parameters most likely to
drift over time. The system gain was assumed to dscrease lineariy over time, and the
friction factor was considered to have an exponential increase over time. The results of
the investigation give the parameters tc which the performance criteria are most sensi-
tive and ths percentage contribution of each parameter to the parformance criteria
variancee,
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Settling time was observed to be a discontinuous function of both system gain and
friction factor, A sharp decrease in settling time occurred after 1/2 year of operation.
The discontinuous relationship is & result of the standard definition for settling time and
not the result of physical phenomena, which indicates the need to consider carefully what
performance characteristice are to be used to specify system performance, Initially,
the nominal settling time was 13,25 seconds, with a tolerance of 21,08 seconds and a
reliability estimate of 0,9999. After 5 years of operation, the nominal settling time was
11,75 seconds, with a tolerance of 2,56 seconds and a reliability estimate of 0,9999.
The high reliability estimate atithe end of 5 years is due to the decrease in nominal value
that resulted from the discontinuous relationship.

Open-loop peak efficiency for the flywheel has the same definition us that for an
a-c or d-c servo motor and is a continuous function of the parameters, The nominal
value of peak efficiency decreased steadily over time, and its tolerance value increased
steadily over time. Initially, the nominal peak efficiency was 4,27 percent, with a
tolerance of £0, 576 percent and a reliability estimate of 1,000, After 5 yearr of opera-
tion, the nominal peak efficiency was 3, 25 percent, with a tolerance of £1, 31 percent
and a reliability estimate of 0. 7164,

The Moment method for predicting drift-type failures requires quantitative data on
the degradation of parameters as a function of time. Since these data were lacking for
this system, it was necesgary to rely on qualitative information, which proved to be suf-
ficient to make reasonable assumptions for the analysis., It was concluded that the sys-
tem has a high reliability with respect to the characteristics chosen and the arbitrarily
assigned specification limits. It has been demonstrated that the Moment method has the
ability to provide insight to a designer on the behavior of the system characteristics be-
ing considered as a means of performance evaluatios.

Task II. Liquid-Metal (NaK-77) Servo-Actuating Subsystem

A satisfactory model of a centrifugal pump and linear actuator was developed, and
manipulation of the analog model yielded the necessary partial derivatives of system and
component performance characteristics with respect to those parameters identified as
being susceptible to degradation,

The analysis of the liquid-metal servo-actuating subsystern has shown that the
variance of the systern performance characteristics, in this example the actuator fre-
quency response, is due primarily to tolerances in the effective clsarance around the
actuator piston rings. Tolerances in pump parameters contribute only 15 to 25 percent
of the total variance in system performance, System performance is, however, sensi-
tive to degradations in the tip radius of the pump impeller and in the angle of the blade
tip, and these parameters produce up to twice the change in system performance as an
equal percentage increase in the piston-ring clearance, Leakage between stages of the
centrifugal pump has only a slight influence on the pump and system performance.

Study of the pump and actuator configurations leads to the conclusion that changer
in blade-tip radius and angle due to liquid-metal erosion would be very slight, Also,
since interstage leakage does not significantly affect f-equency response, it could be
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oxpected that wear in the piston rings of the linear actuator would be the most critical
wenr area in the system (assuming satisfactory performance of the actuator rod seal and
bearing over the reguired life of the system), If this is not the case, the bearing and
seal may bo the most critical because degradation can lead to a “catastrophic' type of
failure,

. The results of this study indicate the ability of the Moment method, of variability
analysis, in conjunction with mathematical and analog models, to predict the variation
that can be axpected in the performance of a servo control system and in the individual
system components, The reliability observations provide useful design guidance during
development stages of new equipment by establishing a basis upon which to reduce or in-
crease manufacturing tolerances on parts affecting various system parameters,
Further, study of the normalized partial derivatives indicating the sensitivity of per-
formance to changes in system parameters assists in pinpointing critical wear areas,
thus identifying subjects for reliability improvement,

Task III, Redesign of an Electrohydraulic Servo Valve

The first.part of the analytical study for the electrohydraulic servo valve employed
an analog computer simulation of a two-stage servo valve to obtain partial derivatives of
various performance characteristics with respect to valve parameters that are suscepti-
ble to degradation, The partial derivatives were calculated and plotted for different
values by key design parameters, These plots were evaluated and their interrelation-
ships noted in order to identify design changes that would reduce the over-all sensitivity
of the valve to parameter degradation and to the effects of parameter variatiors intro-
duced in the manufacturing process,

The study showed that the existing design was already close to optimum as far as
the critical areas of degradation were concerned, and it was not expected that design
changes would bring about significant improvement in the gross reliability of the valve,
The critical areas were identified in previous programs as those parts of the spool and
bushing that influence the quiescent leakage at nuil. In the reliability-improvement
derivation for quiescent leakage, it was shown that in the statistical sense, i,e., for the
averaged histories of a large number of valves, a definite improvement would occur in
time to failurc with regard to allowable leakage,

The experimental life-testing program carried out on a sample of two modified
and two unmodified valves essentially confirmed the above conclusions. Because the
spread in initial characteristics of the valves was relatively great, in both the inter-
sample and the intrasample sense, and because of the simnall sample size, the observed
improvement cannot be confirmed on a statistical basis,

The design changes that were ultimately derived did reduce slightly the sensitivity
of quiescent leakagze to degradation effects, and also reduced the initial value of quies-
cent leakage and improved the frequency response of the valve, In addition, these modi-
fications reduced significantly the sensitivity of several performance characteristics to
degradations in the first-stage orifice and nozzle-flow characteristics.
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An interesting unexpected difference between the designs was a noticeable im-
provement in the wear of the ball on the end of the feedback wire in the new design. It
is felt that this improvement would lead to significantly better performance of the '"aged"

valve in the critical areas very close to null,

Since the existing valve was already at a near optimum design, the reliability im-
provement anticipated from the design modifications was relatively minor., However,
the results of the study are significant because the successful application of the Moment
method of variability analysis to the redcsign and improvement of an existing control-
system component was successful, and both the feasibility of application and the pre-
dicted results were confirmed by practice,
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REVIEW OF THE MOMENT METHOD ANAL YSIS

There are two ways in which a system can fail., The first is czused by drifts in
system paramaeter values occurring over a period of time, which results in overall
system psrformance outside of specification limits. Examples of this *ype of failure
would be changes in transistor characteristics, chemical reaction bev:cen a fluid and
its container that would be sufficient to change the characteristics of the fluid but not
weaken the container, and wear between moving surfaces. The second cause of failure
is some radical or catastrophic occurrence, such as a break between a power supply
and its lead, a rupture in a hydraulic line, or a break in a mechanical linkage. This
reliability-prediction technique applies only to the drift type of failure,

A detailed discussion of the technigue has been reported in previous reports and
papers{1,2,3)* therefore, only a general description will be given here. The Propaga-
tion of Variance formula (Figure 1) states that the variability of a performance char-
acteristic, A;j, represented by its standard deviation 0, ., depends on the sensitivity of
the p:rformance characteristic to parameter changes represeated by the partials
(A /an );,j, the variability of the parameters Pj represented by Upj, and any cross

coupling between parameters represented by p....

Information Necessary to Perforrn Analysis

In order to perform the necessary computation to obtain the variability of a
performance characteristic, a mathematical model of the system must be established
so that the partials may be obtained, Data rust also be available that give the
variability of the parameters. To obtain a reliability estimate, a set of specification
limits that defines failure for critical performance characteristics must be known and
the shape of the distribution curve for the performance chavracteristic must be deter-
mined. In crder to make any prediction on future performance, the variability of each
pararneter with !ime must be known,

The partials can be determined analytically from the system model or empirically
by programming the model on a digital or analog computer and varying the parameters
one at a time to show the resulting changes in the performance characteristic, If the
systum has any nonlinearities, the use of a computer is practically a necessiiy.
Knowledge of parameter variability might be obtained from component manufacturers,
independent tests, or knowledge of the present state cf the art of component variability,
For computational purpores, the tolerance values on the parameters arc considered
equivalent to 3 Op. for each parameter. The tark or mission for a system ofiten pro-

vides the specifications for that sysatem.

The shape of the distribution curve is not obtained from the Propagation of
Variance formula. However, it is known that, as the number of parameters affecting
a performance characteristic increases, the distribution curve for that characteristic
approaches a Gaussian or normal distribution. In applying the reliability technique,
the distribution curves of the perforrnance characteristics are considered normal.

*lzferences are on page 123
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% is the vari~nce* of component performance cisracteristic A1

N is the number of contributin parmtérs

c§ is the vartance of contribut‘ing parameter Pj

Fj is the mean value** of parameter Pj

A
(ﬁ,‘i) is the first partial derivative of component performance
bj P characteristic Ai with cespict to parsmeter Pj evaluated

J at?P
3
Pre is the correlation zoefficient that relates paremet-rs Pr
and Ps
> 02 = Variance is defined as the second moment of a distribution about
its mean value.
o = Standard deviation is defined as the =quare root of the variance.

** Mean value is defined as the first moment of & distribution about the
oriq’.no

FIGURE 1. PROPAGATION OF VARIANCE FORMULA
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The variability of each parameter with time and environment is very difficult to
obtain in present practice.

on previous life tests for components and component parts, On occasion, the time-

dependent variability values {or functions) would be generated from knowledge or insight

gained from experience in working with a component or a part. When the partial

derivatives are known, worst-case operation can be obtained and compared with the
performance specifications.

(Worst-case operation is system operation at the extreme

values of each parameter that maximizes and/z> minimizes a performance characteris-

tic, depending on whether the specification limits considered are upper and/or lower
bounds. )

Procedure to Obtain Reliability Estimate

When the mean value of the performance characteristic A has been determined
from the mean values of the parameters P; and the variability of the performance
characteristic 0A; has been determined by the Propagation of Variance formula, the

following steps will give the reliability estimate:

(1) Assume that the distribution of the performance characteristic is
normal. This has the effect of defining the shape of the distribution

in terms of known values, i.e., the mean (nominal) value and the
variance,

(2)

Determine two values ny and ny-so that ny, = mean value of the per-
formance (A ) minus the lower specification limit (SLy,), the difference
divided by the standard dev1at1on, °A » which 1s defined as the square

Aj - SL
root of the variance ‘ A ) Therefore, ny = e i

%A,
1

and

SLy - &;

5 by a similar reasoning for the upper specification
A
1

nU=

limit, If there is either no upper specification limit (SLU) or no

lower specification limit (SLy ), then let ny; or ny respectively
equal infinity.

(3)

From a statistical table for the normal distribution, determine the
portion of the distribution corresponding to ny and ny;. The sum of
the two is the probability that the performance characteristic values

will fall within the tolerance limits, This probability is the
- reliability estimate.

When the partial derivatives and the variances are normalized, the critical sys«

tem parameters and the proportion each parameter contributes to the variance of the
performance characteristic are easily distinguished

. Critical parameters are those
to which the system is most sensitive,

To determine these values, strong reliance must be placed
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Limitation of the Technigque

The use of the Propagation of Variance formula to determine reliability precents
three possible areas for error that would affect the results obtained by this technique:

(1)

(2)

(3)

The first two moments of a parameter distribution, mean value and
variance, used in the Propagation of Variance formula are not sufficient
to completely describe a distribution that is not normal, The Propaga-
tion of Variance equation can consider higher moments; however, from
model and data accuracy consideration, only the first two moments were
used. The characteristics of non-normal distribution are not reflected
in the Propagation of Variance formula.

The partial derivatives used in the Propagation of Variance formula are
considered constant over the tolerance value of the parameter (*30pj).

In actuality, the partial for any parameter may be a function of the param-
eter value over the tolerance interval. A piot of the partial over the
tolerance interval may give a curved line rather ihan the straight line
signified by the constant partial value. The degree of curvature will
affect the results of the technique, since some straight-line approxima-
tion must be made to calculate the performance characteristic variance,

g .
A,

b 3
Any prediction of future reliability will only be as gond as the variation
estimates of the parameter values and variances with time and
environment,

Complete details of the technique development and procedures are contaired in
Technical Documentary Report No. ASD-TDR-63-287 (AD 412496), dated January, 1963,
and Technical Documentary Report No. FDi-TDR-64-50, dated August, 1964,




TASK I, MOMENTUM-EXCUHANGE~-TYPE ATTITUDE-CONTROL
AND STABILIZATION SUBSYSTEM

Introduction

A previous reliability research effort by Battelle generated an analytical technique
called the Moment method for predicting drift~type failures in components and sys-
tems. {1.2,3) This technique i3 based onthe Propagation of Variance formula, which com-
bines data derived from the system or system model and parameter variability data to
formulate an estimate of the probability that the system will perform within specifica-
tions at initial or future times of operation, The probability value ia interpreted as the
reliability estimate,

This report discusses the application of the reliability-prediction technique to a
momentum~exchange-type attitude-contrcl and stabilization subsystem for a satellite,
Several types of controllsrs would fit into the momentum-exchange category, This re~
port considers the type cailed a fluid flywheel, The principle of the fluid flywheel is to
accelerate a fluid within a closed loop in the satellite, This action generates a torque
about the axis of the loop to which the satellite responds and consequently is
repositioned,

Engineering Activity

Description of Fluid=-Flywheel System

The fluid {lywheel considered in this report is one designed and built by the
General Electric Company., General Electric's goal was to prove the feasibility of a
fluid flywheel as an aititude-control device, All numerical values for the system
parameters, most of the parameter tolerance values, and most of the system equa-
tions are presented in the General Electric report on the fluid flywheel, {4) There is
effectively one flywheel for each of the three axes of a satellite, all powered from a
single electrical-energy source,

Functiona! Block Diagram and General Discussion, The functional block diagram
for one of the three axer of the {luid~-flyvheel system is shown in Figure 2, The opera-
tion of each of the three axes of the flywheel is identical, with the exception ol the loading
imposed by the inertia of the satellite about each axis,

Generzal "lectric tested for cruss~coupling between the axe= and found that no
appreciable amount exists,* Therefore, Battelle's investigation considered the opera~
tion about a single axis with no cross-coupling.

The torque “o maintain a given attitude under disturbances and to obtain a desired
attitude, given a position error indication, is generated by accelerating a Jluid in a

*Wclls, R., General Electric Comy *ny, Johmon City, New Yok, telephone conversation, Decembe: 4, 1964,
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closed loop (loops) about the appropriate axis (axes), The action is similar to a servo-
motor=-driven inertia wheel for attitude control, The torque available for control is
proportional to the product of the fluid inertia value and its acceleration,

Vehicle
Power Supply

Inverter

L—— Roll Axis
L————- Piich Axis

Yaw Axis
4 — .
9¢: Sensor 9eDB Yaw~Axis I }jD=C Conduction T Vehicle
———e_Sens Amplifier Pump a— Dynamics Hl
T 9
r

FIGURE 2., FUNCTIONAL BLOCK DIAGRAM OF FLUID-FLYWHEEL ATTITUDE-
CONTROL SYSTEM

The hear: of the fluid flywheel is the pump, which accelerates the fluid, (in this
flywheel the fluid was mercury.) The pump is an elactromagnetic d-c conduction pump
(E. M, pump), which operates on the same basic principles as an electric d-¢ motor,
For the operation of this type of pump, the fluid must be a liguid metal,

Brief Discussion of Electromagnetic Pump, The slectromagnetic pump is not a
new device, It has been used since the early 1950's for pumping liquid metals, partic-
ularly sodium and NaK (mixtire), as coolants of nuclear reactors, Other liquid metals
considered as coolants have been bismuth, lithium, and magnesium, The basic con-
struction of the pump is also applicable to metering liquid-metal flow rates, A liquid
metal that flows within a constant magnetic field will generate a current proporticmal to
the flow rate, Electromagnetic pumps vary in size from those pumping less than
1 gpm and requiring several amperes to those pumping 30 gpm and requiring several
thousand amperes., The devclogm octrm’nodc pumps has received good
coverage in the literature, (5 8,9, m 11,12,13

The pumping of the mercury is achieved by passing an slectric curremt through
the mercury under the influence of a magnetic field, The mcrcury flow path, the
current path, and the magnetic field are mutually orthogonal. The interaction of the
current and magnetic field applies a force to the mercury, causing the mercury to
move, The back slectromotive force of the pump and the fluid losses in the loop pro~
vide sufficient damping so that no rate fsedback or other compensation is required,

System Electronics. The force that accelerates the mercury is proportional to
the current flow generated by the error signal from the attitude error sensor, The

11
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ewrer signal is umplified by a voltage~to~current amplifier, The load presented to the

smplifier by the mercury {s in the milliohm range, Therefore, a prime design goal is to
Rvep the output impedance of the amplifier as small as possible,

The amplifior used was designed by General Electric, and is based on the use of
parallel transistors to reduce the output impedance seen by the pump. The amplifier
schematic diagram is shown in Figure 3, Detailed discussions of the voltage-to-current
amplifier M its development have been recorded previously by General Electric
authors, (4, 14, 15)

Efficiency of the fluid-flywheel system is quite low due to the fluid losses in the
loop and electrical losses at the amplifier~-pump interface. The amplifier gave approxi-
mately a 4 to 1 ratio between amplifier output impedance and mercury locad resistance.
Improved high~current, low-voitage characteristics of new trannistors give promise of
amplifier output impedance to mercury resistance ratios of 0,4 to 1,

Systemn Modsl

A model of the fluid flywheel was reported by Nichol, (4) This model considers the
sensor-amplifier combination as an ideal current araplifier with a gain, a small dead
band, and a saturation level that limits the current to 60 amperes, In most respects,
Nichol's model parallels the models described in previous reports, {5,9,13)

A sketch of the electromagnetic d-c conduction pump is shown in Figure 4, The
basic equation for system operaticn is the vector force equation

Fzi wxB
—— -p —

for the force exerted on the fluid to accelerate it,
where
ip is the current in the pumping channel

w is the width of channel
B is the magnetic flux,

With the current path at a right angle to the flux field and using the pound~feet system of
units:

F=i wxB =687x 10-6 Bi_w b, (1)
with B in gauss,

The preszsure developed in the pump is

F -6 By 2
P‘ = ey = 6,87 x 10 y 1b/ft , {2)
and can be written in terms of the voltage generated by the amplifier by considering the
circuit shown in Figure S,

™McComp, R., General Clectric Company, Schencctady, New York, Battelle-G,E. conference, October 6, 1964,

12
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FIGURE 5. EQUIVALENT CIRCUIT OF AMPLIFIER-PUMP INTERFACE (BATTELLE)

Figure 5 represents the interface between the amplifier and the pump. From
Figure 5 and standard circuit-analysis procedures, it can be shown that

. KveeDBRf - Eb (R‘ + Rf) -
P ReRg+ Rap ¢ RpRg

and

6.87 x 10~ Bi 6.87 x10°6 B 6 - E, (R
o . x p . x Ky epp R~ Eb a + Re)
t- h h RyR¢ + RyRp + RoR¢

An expression for Ep is needed in terms of the system parameters and the fluid angular
velocity, wg, and is obtained from the vector equation

. (4)

Ebsbackemt's§(!x§)-d£ . (5)

The fluid velocity, V, the flux density, B, and the length, L, of the current-carrying
medium {which in this case is the pump channel width) are mutually orthogonal, and
therefore

Ep = 9.3 x 1076 Bwv, (6)

The fluid velocity through the pump channel can be expressed in terms of the fluid
angular velocity in the loop, wg, by
7D, D, w
8hw

giving
9.3 x 10-6 nBDZD,; o
8Kk
Nichol defines an overall diffuser ratio, A, as
2
n$

A.—_-
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The diffuser ratio should be greater than one to kesp the magnetic gap small and to ob-
tain a large magnetic flux with small-sized magnets, Substituting A into Equation (8)

gives

-6 .
Eb = 9.3 x10 z BAw Dluf . (9)

The expression for ip is now

6. R, -4.65x10"6 BAWD, w (R_ + Ry)
19%
i_KV"nsf : . (10)

P RaRg + R Ry + RpRg

Nichol does not consider the amplifier-pump intertface to be represented by the circuit
in Figure 5 but rather that shown in Figure 6,

FIGURE 6. EQUIVALENT CIRCUIT OF AMPLIFIER-PUMP INTERFACE (NICHOL)

From Figure 5 and standard circuit-analyais procedures, it can be shown that

KaeeDB Rf = Eb

i = ’
P Rp + R¢
and substituting for E,,
K,6 - 4.65 x 10~% BAWD,w
- BaYe Rf . s §
i DB . (11)
P Rp + R

The expressions for iy, give it as a function of the angular error after passing
through the sensor dead band, e‘DB’ and of the angular velocity, w. However, from

Figure 5, Kv9¢DB represents a voltage source, Eg, and from Figure 6, KQGQDB repre-

sents a curront source, Ig, The question arises. '"Can the interface representation in
Figure 5 be substituted for that in Figure 6 without any change in the pressure developed
(P¢)?' Nichol gives

o 887 10-6 r¢B . 6.43 x 10-11 18%piD,;
= -
7 Tn(Rg + RY) 8h“(Rf + Rp) u‘
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Py=Kgl-Kpor , (12)
and Battelle gives
o . 6:87x106RE 643 xr0l] nB2DD, (R, + Ry
t " h(RaRg+RgR*RoRe) 8h2(RyRe+ Ry Rp+ R Ry) “
= KgEs - Kp of . (13)

The question arises, ''Iices K:Es - K: wf = Kgl - Kp wg?"
From Figure 5, 2
R R, 9.3 x10-6 fBD, DR,
Es® |Ra*R !+R{ I+ Bh{R, ¥ ) g

Substituting the expr=ssion for E_ into Equation (13) does give, with some manipulation,
Nichol's expression for Pt and the equality holdzr;

[y

: “*ﬁ (14)

*« * .
KgES - K w, = Kgl - Ko, . (15)
Itis necessary to determine the value for sktown in Figure 5. Nichol atates that

the sensor-amplifier combination effectively saturates at an input error of two degrees,

since the current I is limited to 60 amperes., For a maximum current of 60 emperes,

the fluid velocity at steady state is 1. 18 radiaas/second. From Nichol's characteristic
" less curves in Figure 7, it can be determined that

H _ 1.1 ft Ib sec
- —

=1.18 radians/second.

W, = >

£ 3 0.935 4 1b sec

Realizing that during transient 'opez‘ation'there is a wide range of possible combinations
for the input error, source current, and fluid angular velocity, Battelle decided to de-
termine the values of for steady-state operation when the input error, Ge, was two
degrees, I was 60 amperes, and w, was 1.18 radians/second. This can be accomplished
by using Equation (14), where E_ is equal to KVO » and substituting in the known

S °pB
values for 9e and all the terms on the right-hand side of the equation. This gives
DB

K, = 0.355 volts/degree.

The pressure developed by the pump, Pt’ is opposed by the fluid drag in the fluid-
flywheelloop. The fluid drag is the sum of three pressure drops, which are expressed

as follows: 222

f‘yFLA Dlwf
(1) Pressure dropinthepump P_= —

17

. 4




- i

i

e
.

v

SHAYND ADNVIWIOIY AL TAAOW-TIHAHMATI-AINTI "L JYNDIL

99S Q} }} ‘wnjusawo !
o.. o.o S°0 w 0 £* o

v s, s o ——_ ....ﬁl = e

1--1S507 dWNd”
s |ristol NN

X .
TR Y Y T .ﬂ_...._‘.——.ﬂl-‘_—;‘v

g SS9 FUE “
. Ly ﬂ,,....s,n..,% Y R F R ,T: |
. Aeiaeit ks E{Je )| W V_ug o
N T LTI ..:._uu:»r |
DR S5O0 mm:&_o.: , T
m..w .If,'w.w‘ ,. - W .*f.l ) - |
! IRy ged Ny S
g TPt | -rooe
i o "~ P ot | e ‘Vx Y
* o m 3 R el enina qL.Wr_nlJ w»r ,—m.wqu
> b R T faa i -00¥
I PRI e I e .
& d it E D 0 3 .‘
=Y STy e THA 005 g © :
I . Ny -+ PRRN ok (44
2] + H h.l..ws. ﬂ -.WMIJ Hrrw M. -
> fagd *F 4-44 Hﬂﬁ LA v_. 11 { .fwﬁH . - .
piagiiil FER TS e Eyant [i54-009 8
g |ahln RS e e AT
) = vam.:.?n_' merr: SERER ,rfn‘mwr.nm. i} I ﬁ/\.
m o't mﬁﬁn 1'.1... It ATH | 1 Y RSN nn w0y Ly 00 2
) pory Ly ) TR R Y LY PR Y Ny SRASHRRES bbb Py N
endlblaqiRe et nanty . Ha 1 o g
) M 3 PR W Hi
' be 4 3 & e 4
4 = R QT T | hy -008
. & e, pETEER 35500 VL0 HTHT pa bt e A L
# LD. N ~ .7 [1illi IR T ™
P R e T il irf il ThFIir _ Y
- SRS B R e e , 006 -
= oA B L e “
) . — e “...,f..m.: :xw...fr..:w%mm peiin .
Do o i...\*..éwwp SR T 2 H RO R : e . T
! Vnw [P O S lu.mnﬂmi..v A.P«l.-_ e et e ".‘.,4 .m.lll.— . v - . . IOOO~ . e
i mw. 1 .Mv..ﬁ N .WT. [TEPR ISR RS S EEE FUiny PEENE PP vvtf.v.o- T A R ‘__\ IR AR iy
; i wm mx HETHI] (SdwWy 99 = 1) dwnd NI NECISJEIEL] (3% 8&&5399 [§ :
as1 (1] rynas fepuds bt R Ry reressoe s Fa v
t .*‘“. 44 18 w“vw.ﬁ et (HaR Ape “q-b ﬂ .u...‘r; v
P : SR bR RS H RO i e
¥ Q-n AR NOHM.H.PV.- r_-.T ! ﬁ dpiq] kit thefi R
rrideirilyie y byl N AREN IR
_ TN L HHHRH|
s iatherss b piiet A4 § 8844 SRS AEASREAE Ede il KSadl

- e ———n 4 e i s S msemd % e s ek h e o e e m— s .-



(1 - np)vA D of
{(2) Pressure drop in the diffuser Pd = 55
: wfyFD:;.fz
[ . ___F 11
% (3) Pressure drop 19 the loop PL = 28Dz .

The expressions for the pressure drops are correct for turbulent flow only.
Battelle has checked Nichol's claim that laminar flow considerations are not necessary
and found this claim to be valid. In Battelle's analog simulation of the system, ‘provi-
sion was made for reading out the Reynolds number as a funcuion of time duriug a
dynamic response test of the flywheel. A plot of the Reynold: number readout is shown
in Figure 8 for the system excited by a step function of two degrees. During the re-

: sponse, the Reynolds number was in the range of turbulent fiow (Re > 2, 000) for the
critical portions of the response (large errors), and remained in the laminar flow range
for very small values of error toward the end of the response.

ITA}
SN

B T T

Ruynolds Nurber x 102

P S .

L

23 850 735 00 125 150 200 223 250 273 300 383
Time, sec a-ure

: FIGURE 8. REYNOLDS NUMBER VERSUS TIME FOR A SYSTEM INPUT STEP
OF TWO DEGREES
The Fanning friction factor, f, is given as
f

f~ ——
' (Re)0.16 ’

with tlie friction-factor constant fc initially equal to 0.031. The {f appears in the pump
and loop drops. The Reynolds numbers for the pump and loop are given(‘) as
'yFADlhw
Re (pump) = ——mru— Wy (16)
plh +w)

Pt

and

19
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I =
R‘ {loop)

(17)

Substituting the above values for the Reynolds aumbers in the appropriate equations

gives the following relationchips:

Defining Kp as

Defining K L2®

where

and

and

L(A Dl)l. 84(!1 + w)l' 16“0. 16

4L(A Dl)l. B4 (h + w)l' 16#0. 16

2.84 0.16
m

0.84_ 2.4 0.16
u

The maximum theoretical diffuser efficiency, Np» is given by Nichol to be

0.88[ G(R _)) wi-chHr2c-n

G(R)=1 for R >10
e e

G(R_) = 0.325 log R_ - 0.625 for 2 x 103 ¢ R, S 10°,

for R > 10
e

! Lo : . P
AR L s S

(18)

(19)

(20)

(21)

(22)

L el
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1 3 5

C-= for 2x10 _<_Re_<_10
0.088{ G(Re)]

The diffuscr efficicncy depends upon the transition from the rectangular pump section to
the cylindrical tubing. General Electric periormed numerous tests to determine the
best geometric configuration to maximize nD

The expression given by Nichol for 7,, shows that n_ should be a function of the
Reynolds number and would consequently vary over any dynamic response. From the
analog mechanization shown in Figure 13, the variable value of 1, was computed over a
dynamic response and inserted in the expression for diffuser pressure drop. The re-
sponse of the fluid-flywheel system to a step in input position signal when 1. was varia-
ble was similar to the response of the system when the constant value for n_ of 65 per-
cent suggested by Nichol was used. Further investigation showed that, for a major
portion of the dynamic response, the diffuser efficiency was effectively a constant value,
but equivalent to 79.5 percent, not 65 percent. Figure 9 shows a plot of system error
in the yaw axis for a step input to the flywheel system, with p equal to 65 percent,

equal to 79.5 percent, and 7 __ calculated over the dynamic response. The plot for
n of 65 percent is dxstmguishaBe from the calculated 7, and the n_ of 79. 5 percent.
’I"Re plots for the calculated p during a response and the constant 7, of 79. 5 percent
overlap throughout the response range. As a result, a constant Reynolds number of
39,000, corresponding to a nominal value of 1 of 79 5 percent, was used in this inves-
tigation. It was concluded that the systemn responsc was relatively insensitive to
changes in Reynolds number, For the reliability analysis, the diffuser efficiency value
changed for different dynamic responses due to changes in parameter values that appear
in the defining equation for diffuser efficiency.

=

— ]

§

SystemErner, dogeea

i S . b

' 3 ) [
e g

FIGURE 9. COMPARISON OF DIFFUSER EFFICIENCY VALUES, D

The change in the nominal p value does not change the diffuser pressure-drop
expression in its literal form:
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The nat pressure to accelerate the rmercury at any time is

PntPe-Pp-Pd-PL

Ly » 1.84 2
Pn-l('!:s--xbmg-(Kp+l(l_')mf -Kd we {24)

where Kp and KL are as defined in Equations (18) and (20).,
The pressure, Pn’ develops a terque with the relationship
T = Pn {cross-sectional area) (moment arm)
(2] )
P " \F/i\T
=p’D

- 271 P

8 n

ﬂDzD
21 * * 1.84 2
Tn = 3 (K8 ES - waf -~ (Kp + KL) W -K.w,) {25)
1. 84 v 2
o7

! ! "w -K,w
’ - -
Tn = Kg Es Kb we (KP+ KL f d 't r2%

The last two terms in the expression for T may cause some confusion since, in a
dynamic run, the mercury flow can change Mirection indicating a positive and negative
value for w,. To account for this possibility, the expression for the torque should be
rewritten as
1
(27)

T-.-K ES l% K+K)|wlls4sgnw£-l(d lwdzsgnwf.

Tph= Tg - Tb - (TP+TL)- Tg.
The torque accelerutes the mercury and the satellite about the axis of the mercury loop.
The loading effects of the mercury and the satellite on the system are their respective
inertias, gure 10 shows the closed-loop block diagram of the systerm mods! used.

Nichol considers a torque-momentum expression (as shown in Figure 6), rather
than the torque-angular velocity expression used here, The expressions ar= ezuivalent
in that momenturn, H, is
H=7J £ Y o 28}

the product of the mercury inertia and its angular velocity, and H IJ is substitvie” fox

wg in the torque exoression.
22
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BLOCK DIAGRAM OF FLUID-FLYWHEEL MODEL
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Battelle performed dynamic runs using the model in Figure 10 for comparison with
the actual system responses reported by Nichol. Figure l1ia shows the closed-loop re-
sponses of the three system axes as reported by Nichol, and Figure 11b gives the model
responses 88 obisined by Battelie. In all three cases, the agreernent between the curves
is excelisnt, ’

‘!'hmﬂcn parameter values used in the model simulation are:
Yr @ #50 (1b)/1e2

#=1l,085x 10.3 1o/ft sec

B= lé, 80C gauss

Dl = 4 feet

nzasxlo‘zft

h=6x10"2 1
w=4210-zft

L=208x10"21

Rg = 10"2 obmae

Ro~2x 10~> ohme
-1
RP/Rf a3xlo0
(R +R) =6.33x 103 ohms

p * 79.5 percent

g =32.2 ftlaecz

7. 29.35x 10"} ft/1b/sec’
Jv = §3,0 1’tllb/u=c2

Ds = 10-2 degrees

V.=7.04x10" volts

S
!% =3 55x 10.l volts /degree,

The {lywheel-system model was mechanised on the analog computer as shown in
Figure 12, The computer circuitry for calculating diffuser efficiency is shown in Fig-
ure 13, Figure 14 shows the computer mechanisation for generation and readout of
power efficiency, which is discussed in the following sections on perfcrmance criteria
and resuits. c
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Performance Criteria

Other than the ability to operate in & space environment, no specifications were
imposed and no mission wae given for the fluid flywheel. General Electric did operate
the flywheel system in the temperature range of -19 to 90 F and noticed no change in
the system-response characteriatics, General Electric's temperature range of opera-

tion does not signify the rneeting of any specification, but it doee indicate what tempera-
ture variations could be accepted easily.

The lack of specifications makea the choice of performance criteria somewhat
arbitrary., However, in light of the previous comments on damping and efficiency, the
following two performance criteria were ckosen:

(1) Settling time for an input step in position. This criterion is for a
closed-loop respanse and provides a measure of the damrping of
the system.

{2) Open-loop peak efficiency. This criterion preasents an efficiency
measure similar to that used to evaluaie a servcnotor.

Settling Time, Settling time is defined arbitrarily as the amount oi time it takes
the satellite position to seitle to within five times the nominal dead-band value whan ex-
cited by an input step in an angular position of 2.5 degrees. The 2. 5-degree input is
large enough to force the system into saturation, and small enocugh not te bury the in-
tended parameter variations in a saturated response. Battelle considered only one axis
of the General Electric flywheel, namely the yaw axis, witk moment-of-inertia of
53 foot pound seconds2. The dead band of the sensor was 0. 0] degree; this determined

the settling time to be the time required to decrease to and atay withia the error bounds
of 0, 05 degree,

Open-Loop Peak Efficiency. General Electric considered efficiency as a perfor-
mance criterion of the system and mentioned that an efficiency of 4 to 5 percent should
be expected when efficiency was defined as

power out (mechanical)

Etficiency = power in {electrical)

Discussions with General Electric disclosed that no standard exists with which to
reference the characteristics of a fluid flywheel. Genersl Electric further pninted out
that, while the definition given for efficiency is good, one must be careful in talking
about flywheel efficiency. It is important to know cxactly how the power terms are ob-
tained, and what the ground rules are, in any discussion of efficiency.

General Electric obtained their efficiency values by a method used for determining
the efficiency of servomotor-driven flywheels (disks). The procedure for obtaining effi-
ciency was to excite the flywheel, at rest and under open-loop conditions, with a signai
sufficient to obtain maximum mcmentum. When the momentum reached one-t:ird of its
maximum value, the power-in and power-out measurements were made. The ratio of
these two values was determined, giving the efficiency valve. In performing the
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measurements necessary to obtain efficiency, no standard.load was used, which permits
a possible variation in efficiency for a particular flywheel with different loads.

Efficiency and momentum curves are nonlinear, and the one-third maximum
momentwn as the reference value for the eificiency measurement is somewhat arbitrary.
Battelle decided oo »» approach for determining efficiency using the General Electric
definition, but eliminating a particular momentum value as a measurement reference.
Battelle also decided to usc open-loop peak efficiency as a performance criterion.
Open-loop peak efficiency is obtained in precisely the same manner as that for a servo-
motor. it is the maximum value of the power-out to power-in ratio from the standard
speed-torque characteristic curves, independent of the fraction of maximum momentum

at which it occurs.

Battelle obtained its power-out term directly from the analog simulation by taking
the preduct of the mercury angular velocity and the developed torque, and multiplying
by the conversion factor 1,356 to obtain the power-out in watts:

Power out = PO = 1.356 Tn wg watts, {29)

The power-in term cannot be obtaired directly from the analog simulation, The
problem arisez from the fact that the electronic amplifier was simulated as a Thevenin
equivalent circuit, A Thevenin circuit ia sufficient for giving voltage-transfer relation-
ships, but a power value obtained from the product of the Thevenin circuit voltage and
its current output does not give, in general, the power of the device being represented
by the Thevenin circuit, Briefly stated, calculations involving the load on an equivalent
circuit (Thevenin and Norton) are valid, but calculations concerning the source are not.

Battelle's investigation of the flywheel electronics shown in Figure 3 disclosed
that the correct operation of the electronic amplifier was not as a variable-voltage
source proportional to angular error with a fixed source impedance, but rather as a
fixed-voltage source with a source impedance that varied as a function of the angular
error, The equivalent circuit describing the operation of the electrenic amplifier as
simulated on the analog computer is shown ir Figure 15,

Ra
MW
— Pl : Rp
R i
Ec =K, 0 C) f P :

FIGURE 15, EQUIVALENT CIRCUIT OF AMPLIFIER-PUMP INTERFACE SIMULATED
ON THE ANALOG COMPUTER

However, Battelle's investigation showed that the equivalent ciicuit descriting the
operation of the electronic amplifier is actually as shown in Figure 16,

30
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FIGURE 16, RESULTANT EQUIVALENT CIRCUIT OF AMPLIFIER-PUMP INTERFACE
FROM BATTELLE'S INVESTIGATION OF THE ELECTRONICS

The analytic expression for RS C ) is not obtainable from the electronic circuitry
DB
shown in Figure 3, and to Battelle's knowledge, it has not been determined empirically.
Battelle performed a brief investigation into posgible functions Rs(ee ) which would
DB
relate Figures 15 and 16 to obtain identical outputs for corresponding inputs. It was
concluded that R (6 ) was a ronlinear function of 6 and would have to be deter-
S e e
DB DB
mined empirically.

A reasonable question at this point is "'If the simulation of the electronic amplifier
is not for the actual operation of the electronic amplifier, can values of power-in truly
be obtained"? The answer is yes, and the contribution tc power-in from the electronic
amplifier is obtained as the product of the fix=d-voltage source (Eg = 0.3 volt) and the
source current to the pump (I):

Powerin:PL= 0.31

This product does represent the amplifier power-in contribution to the systam due to the
fact that current from the fixed-voltage source is the currernt to the pump. (No other
current flow paths exist for the current from the fixed-voltage source.)

As shown in Figures 15 and 16, the source current will be the sum of the currents
through the fringing resistance (Rf) and the pump channel. The pump channel has a re-
sistance (Rp) and an internal voltage generator, which is a function of the fluid angular
velocity. By appropriate manipulation of terms for a specific set of parameters and a
specific input, the expression for 1 reduces to

I

Cl - Czuf R
where

) Kv (RP + Rf)ee
1 RpRe+Rpr+RfRe

and 4.56 x10°° ABD R W

C. = 1 f
2 Rpae+Rpr+RfRe
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A constant value, Py, = 0. 6 watt was added to the product of Egl to represent the

power losses in the electronic inverter and power supplies, shown in Figure 2, to give
the total system rower input. The inverter and power-supply losses were obtained from
a G. E. report. (i)

One change was necessary in the system model for obtaining peak efficiency. This
was the elimination of the saturation limiter. The excitation signal was a two-degree
position step, which would normally 2aturate the system and bury the effects of the
parameter variations. The two-degree input was considered necessary to obtain a peak
efficiency value at near-maximuam driving conditions for comparison with G. E.'s
estimnated value of 4 to 5 percent. A two-degree . 1put also is analogous to obtaining a
servomotor characteristic curve at rated operating voltage.

radation Factors. General Electric has done a substantial amount of develop-
ing and testing on the pump and flywheel. However, their emphasis was not on obtaining
degradstior factors and degradation rates, but rather on selection of materials, design
of the pump, fabrication of parts, reduction of weight, and optimization of certain
parameters. (15, 18) In jieu of anticipated data from General Electric, Battelle investi-
gated the sysiem to try to obtain degradation factors for the system parameters. A
considerable amount of time was expended in this effort, the result of which was a
suggested test plan for determining the degradation factors and their time rates. The
necessity for writing a test plan points to the lack of information available regarding
degradation factors for this type of system.

Battelle's Experimental Physics Division was contacted to investigate possible
drift-type failures in the pump and tubing section, and to make suggestions for possible
degradation factors and their time rates. The investigation showed that a strong poesi-
bility existed for an increase in the friction-factor constant over time due to chemical
reaction between the mercury and pump and tubing and due to mass transfer between
dissimilar materials because of temperature differences around the flow loop. Past ex-
perience of the Experimental Physics Division has shown that this phenomenon takes
place in all systems of this type, with rates of reactions depending on the particular
liquid metal and its container material. It was stated that a noticeable, but not large,
amount of material would go into solution and the process would probably take several
years, The reaction takes place at a more rapid rate initially and dropse off as the
process of solid dissolving into the liquid tends toward an equilibrium state.

" It has been noted that the rate of change of this process is exponential in nature,
indicating that the functional expression for the friction factor '"constant'" is of the form

fo=a- be ™ , (30)

where a is the friction fartor constant at equilibrium and a-b iz the initial value of the
{riction factor constant. Nichol(4) gives the initial value as

a-be™®za-1b=0.031, att=0
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The values of a and @ would have to be determined experimentally, For this work, a
and ¢ were chosen in the following manmner. Nici.ol statcs that the friv:tion factor con:
stant is a function of the wetting of the stainless steel tubing by the mercury. If water
were in the tubing rather than mercury, the friction factor would Le 0.040, General
Electric realized that mercury would not wet stainless steel as water would, and ex-
perimentally determined the initial friction-factor constant as 0,031, Rattelle decided
to choose the final value of the friction-factor constant to be equivalent to that of water:

a = 0. 040.

Battelle chose 5 years as the time for aitaining equilibrium. A reasonable expression
for the friction-factor "constant' as a function of time, and the one used in this report

is
(-t/1.25)

fo =0.040 -0 009 e , (31)
where t is in years. The Fanning friction factor used in (he flow-loss equation now

becomes
(-t/1.25)

fc  _ 0.040 - 0.009 e

0.16 0.16
(Re) (Re)

{f=

The tolerance value onf. was assumed to be * 5 percent and was assumed to remnain
fixed over time.

Delco Radio Division of General Motors Corporation, Kokomo, Indiana, was con-
tacted to supply and discuss information pertaining to possible degradation factors in the
transistors that were used in the electrconic amplifier. The transistors ware Delco
Type 7276361 TO-36. From conversations with Delco and from the base-current
characteristic curve at 2 constant collector current of 5 amperes versus time, the
transistor gain (hf ), and consequently the system voltage ''constant", Kv, was deter-

e
mined to vary with time. From the above-mentioned curve, it was noted that the gain
decreased linearly with time, but at two different rates. Initially, the gain decreased at
a constant rate until about 500 hours had elapsed and then decreased at a lower constant
rate for the rest of the time. The functional expression for Ky as a function of time is

KV = Kvo - Klt first 500 hours

K, = (K

v - 500 Kl) - Kzt after first 500 hours,

Vo
where t is in hours and

K. =0, 355 elts _ 6.39x107° volts K » L13x 1078 volts
Vo degree 1 degree-hour 2~ " degree-hour

It was also noted that the tolerance value of Kv varied over time in a similz> fashion as
KV with the following functional expression:




T i e e e+

va = ¢ +e .t first 500 hours

o x (¢ +e, 500)+eo, t after firet 500 hours,
X, K
Y K, K 2
where t is in hours and
-3 -4
1.69x 10 "% 1.67x 10 %
GKV =6.67% 'Kl * hour GKZ * hour ’
0
This report assumes that only the friction-factor constant, the amplifier gain,
F and the amplifier-gain tolerance values vary over time.

Results

The partial derivatives of the two performance characteristics, settling time and
open-loop peak efficiency, were obtained {rom analog computer data. The analog data
were generated by varying each parameter in predetermined incremente from its
nominal value with all other parameters at their nominal values, and exciting the system
; with fixed inputs. Each analog run gave one point of a ""performance characteristic
variation' versus '""change of parameter' plot. Several runs gave points:through which
a curve could be drawn. The slope of this curve was considered the partial derivative
' of the perfurmance characteristic with respect to the parameter considered.

. Settling Time. The time for the system to settle to within 0. 05 degree at system
! lifetime t = 0 for an input step excitation of 2.5 degrees was 13. 25 seconds, System

i output and error curves versus time are shown in Figure 17, The characteristic loss

: curves for the flywheel are shown in Figure 18, Figure 18 differs from Nichol's plot in
1 Figure 7 in the values of diffuser and back emf losses. This inconsistency is due to

. Battelle's changing the model of the system by increasing the diffuser efficiency and re-
placing the current source by a voltage source. Ths system changes did nct cause any
noticeable change in system response, which can be noted from Figure 11. Table I listas
the parameters, their tolerances, partials, and variances, and givcs the evaluation of
the variance equation and a breakdown of the variance in percent. The results of the
evaluation of the variance equation shows that the tolerance value on the settling-time
characteristic is 3 LA which is equal to %1. 08 seconds. ' The settling time can be ex-
pressed as s

t =13.25%x 1. 08 seconds

SO
e at the time vehicle operation initially starts, As can be seen from the normalized
!
at. _
‘ partial derivatives 5 Pj in Table ], the parameters to which the aystem settling time
; i
]

is most sensitive are tubing diameter, DZ’ magnetic -flux density, B, pump channel

height, h, amplitier output impedance, Rs, and the amplifier gain, Kv. The parameter
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values with the larger tolerance values are amplifier gain, Kv, amplifier cutput im-
s’ The bresk-
down of the variance of settling time shows that the amplifier gain, Ig,, amplifier output

pedance, RS’ friction factor constant, { , and voltage saturation level, V
c

impedance, Rs, and magnetic-flux density, B, 2re the parameters that have the strong-

est effect on the settling-time tolerance value. These resuits show that decisions con-
cerning the important parameters must take into account both sensitivity (partial
derivatives) and tolerance values.

A worst-case analysis actually showed thzt the settling time would be shortened to
7.5 seconds if the parameter values were at their extremes; a care that would sup-
posedly lengthen the settling time. This apparent discrepancy is considered iater in the
report.

For an arbitrary upper-limit settling time of 14. 5 seconds (and no lower limit), the
reliability estimate is computed by means of the Moment method as follows:

L 13.25 - (-a) _ (1450 -13.25 1,25 _, .

'L T 70,360 = g T C. 360 =0.260 ~ °°

Percent P = 50 Percent P = 49,99
B,z By=3.47

Total = 99. 99 percent,

The probability of a flywheel having a settling time of less than 14, 5 seconds is 0. 9999,
The reliability estimate is the probability value, 0.9999,

At system lifetime t = 500 hours, the settling time was 13,85 seconds. Svstem
output and error curves versus time are shown ir ¥igure 19. Figure 20 givcs the
characteristic loss curves for the flywheel 5,s.cm. Table II gives the same information
as Table I but considers a system lifetime of 500 hours. The tolerance value on the
settling-time characteristic is *1. 02 seconds. The settling time can be expressed as

tg =13.85 % 1,02 seconds.
500 hrurs

Tubing diameter, Dp, and magnetic-flux density, B, are the two most impcrtant param-
eters affecting the sensitivity of settling time and are of equal consequence., The other
important parameters affecting the sensitivity of settling time to parameter shifts are
the pump channel height, k, and the friction factor constant, f.. The breakdown of the
variance of settling time shows that the parameters having the greatest effect on the
tolerance value for settling time are amplifier gain, Ky, magnetic flux density, 3,
amplifier output impedancz, Rg, and the friction factor constant, f.. The rearrangemer*
in the parameters affecting the sensitivity of settling time and the change in the break-
down of settling-time variance point tc the fact that the partial derivatives are not con-
stant over the variation of the parameters,

A worst-czse analysis sliowed that the se‘tling time would be 8,7 seconds, The
reliability estimate is as shown on page 40,
*
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£13:85 - (o _14.5-13.85 0.65

"L 0. 340 "y ¥ 0.340  _ 0.34

=1.91,

Parcent Pn = 50 Percent Pn = 47.19
L = o U=1.91

Total = 97.19 percent
The reliability estimate is 0.9719.

At system lifetime t = § yoars, the settling time was 11.75 seconds. System out-
put and error curves versus time are shown in Figure 21. The characteristic loss
curves for the flywheel system are shown in Figure 22. Table III gives the same infor-
mation as Tables I and II but considers system lifetime of 5 years. The tolerance value
on the settling-time characteristic is 2. 56 seconds. The settling time can be expressed
as

ts =11.75 % 2. 56 seconds.
S years

The parameters to which the settling time is most sensitive are tubing diameter, D2,
loop diameter, D), magnetic-flux density, B, amplifier gain, Ky, and pump channel
height, h, and amplifier output impedance, RS, of equal consideration. The variance
of settling-time breakdown shows that amplifier gain, Ky, and amplifier output im-
pedance, Rg, have the greatest effect on the variance.

A worst-case analysis showed that the settling time would be 15. 9 seconds. The
reliability estimate is as follows:

_ 1175 - (-od) _ _14.5-11,75_ 2.75

R, 70,884 % By © 0854 - 0853 - o2
Percent P = 50 Percent P = 49,99
"L 2w My, = 3,22

Total = 99. 99 percent
The reliability estimate is 0. 9999,

An odvicus difference between the results of 5-year operation and both the initial
starting operation and 500-hour operation is that the nominal settling time at 5 years has
decreased. The decrease is quite large, being greater than the settling-time tolerance
values for both system lifetimes of t = 0 and t = 500 hours. The three settling-time ex-
pressions are repeated here:

t =13.25+ 1 08 seconds te =11.75 % 2. 56 seconds.
S S
0 hours 5 years

tS = 13.85 21,02 seconds
500 hcurs

The divtribution curves foi each of the three settling times are shown in Figure 23.
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The large decrease in the nominal settling-time value for a system lifetime of

.5 years can be explained by the fact that the performance-characteristic settling time
is not a ¢ontinuous function of the system parameters. The physical explanation of this
result can be given by considering the effect of decreasing the system gain (Ky;) and in-
creasing system damping (f.) in any underdamped closed-loop system and considering
the general definition of settling time.

A general definition of settling time is the time it takes for the error of a system
excited by a step input to sucttle within a given magnitude. The acceptable error magni-
tude used for defining settling time effectively defines two boundaries about the z2ro-
ervor axis, The time at which the error enters the region between boundaries and re-
maine in that region thereafter is the settling time. If a system is underdamped, the
system error will oscillate about zero error and possibly enter, leave, and re-enter the
region between the two houndaries several times before settling between the boundaries.

Asg the system gain is decreased and the system damping is increased, the mugni-
tude of the oscillaticn about the zero-error axis is decreased. Each cycle of oscillation
about zero-error axis will approach zero error from a positive-error value on vne-~half
the cycle and from a negative-error value on the other half of the cycle. As'the gainis
decreased and damping is increased, the magnitude of the half-cycle peak is decreased
until they are enclosed by the boundaries defining settling time. Ae the half cycle on
which settiing time occurs is enclosed by a boundary due to decreasing gain and increas-
ing damping, the settling-time point ''jurnps' to the preceding half cycle, causing the
discontinuity in settling time. The situation described here would occur if only one of
the two causes, decreasing gain or increasing damping, took place.

Figure 24 demonstrates the discontinuity in the settling-time characteristic by
plotting the distribution curves and the line of nominal setiling-~time variation versus
time. It canbe seen from Figure 24 that only one "jump' occurs in the time period
being considered, and that it occurs at approximately a system lifetime of 1/2 year. If
the time period were extended, more "jumps' would occur, signifying other half-cycle
peaks had been enclosed in defining settling-time bouudaries.

The results of using settling time as a measure of performiance demonstrates what
one can expect from a performance characteristic that is a discontinuous function of the
system parameters. A discontinuity in the nominal value of a performance characteris-
tic as a function of time may or may not be a serious problem in determining whether to
use the performance characteristic as a measure of drifi-type failure. For the case of
the fluid flywheel, the '"jump'" in the settling-time value was not an unfavorable occur-
rence since the jump in settling time was away from the specification limit and was
faborable to operation. Had the jump increased settling time, or had there been a lower
limit on settling time, then the jump wouild present a problem. Knowledge of 2 j»mp in
an important system psrformance characteristic is useful information for design regard-

less of whether the jump is faverable.

The worst-caet analyses for the first twwo system lifetimes considered were much
better than the actual settling times obtained with the nominal parameter values. The
worst-case results are considered much better than their nominal value counterparts
since the worst-case settling times a-e much lower than the nominal settling times.
This contradictory result is due to a discontinuous relationship between the settling-

tirme characteristic of the system and the aystem parameters. This result could have
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been surmisced from the data in Tables I through 11l by noting that the partial derivative
of setfling time with respect to amplifier gain, Ky, is negative in sign. The negative
slope indicatcs that, for worst-case considerations, the Ky should be decreased. The
question can row be asked, "Why did the settling time decrease if the partial has a
negative slope and the Ky was decreased?"’

The question is answered by the curve shown in Figure 25, which is a plot of
rettling time versus the parameter, Ky. The plot is genersl in that no numerical values
appear for either settling time or amplifier gain. Figure 25 applies to any underdamped
system when the system gain is changed. It can be seen from the plot that, other than
when a jump in the curve occurs, the slope is necgative. The overriding factor in
settling time as a function of system gain i3 the discontinuity and not the partial deriva-
tive, The condition of discontinuities (jumps) in the plot does not continue as the gain is
continually reduced. The system eventually becomes overdamped, and further reduction
in gain will always increase the settling time,

Py 4

P " ?
Choracterietic

Characteristic

- e o e of u- of

Z..
/

Sattiing Time, 13

Ostem Goln, Xy, A-times

FIGURE 25. PLOT OF SETTLING TIME VERSUS SYSTEM GAIN

Peak Efficiency. At system lifetime t = 0, the open-loop peak-efficiency nominal
value was 4. 37 percent. The characteristic curves for the flywheel are shown in Fig-
ure 26, Table IV gives the same information as Table I but considers open-loop peaak
efficiency rather than settling time. The tolerance value on the peak-efficiency charac-
teristic is 2o = 0, 576 percent, The peak efficiency can be expressed as

Eo = 4,27+ 0,576 percent.
The most important parameters affecting peak-efficiency sensitivity are tubing diam-
eter, D7, magnetic-flux density, B, and pump channel height, h; of equal consequence
are amplifier gain, Ky, and amplifier output impedance. The breakdown in percent of
peak efficiency variance shows that amplifier gain, Ky, amplifier output impedance,
RS, and magnetic-flux density, B, have the greatest effect on variance.
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A worst-case analysis showed that the peak efficiency would be 1. 85 percent,

The reliability estimate (8 as follows, where a lower limit ¢f 3 percent is arbi-
trarily assigned for peak efficiency and no upper limit is assigned:

_%.27-3 _1.27T _ _w-4.27 _
N TTO0192 Tz T T Te1ez T
Percent P i ~ 50 Percent P_ = 50

B, -6.62 R

Tetal = 100
The reliability estimate is 1,0,

At system lifetime t = 500 hours, the peak efficiency was 3, 98 percent. Figure2?7
gives the char=acteristic curves for the flywheel. Table V gives the same information as
Table II, but considers peak efficiency. The tolerance value for peak.efficiency is
0.708 percent. The peak efficiency can be expressed as E500 hours = 3- 98 + 0. 708
percent, The parameters to which peak efficiency is most sensitive are tubing diam-
eter, D, magnetic-flux density, B, and pump channel height, h; of equat consequence
are amplifier gain, Ky, and amplifier output impedance. The breakdown of the variance
shows that the greatest effect on peak efficiency is caused by amplifier gain, Ky, ampli-
fier output impedance, Rg, and magnetic-flux density.

A worst-case analysis showed that the peak efficiency would be 1. 65 percent.

The reliability estimate is as follows:

n 23.98-3 0.9 _ . L . 2-3.98 _

L 0,235 " 0.235 U~ To0.235 ~%®

Percent Pn ~ 50 Percent P = 50
L=4.17 "U=zw

Total = 100 percent.
The reliability estimate is 1,00,

At zystem lifetime t = 5 years, the peak efficiency was 3. 25 percent. The
characteristic curves for the flywheel are shown in Figure 28, Table VI gives the same
information as Table III, but considers peak efficiency. The tolerance value for peak
efficiency is 1. 314 percent. The peak efficiency can be expressed a: E5 years =
3.25 % 1.314 percent. The parameters to which the peak efficiency is most sensit.ve
are tubing diameter, D, pump channel height, h, magnetic-flux density, B, and the
amplifier gain, Ky. The variance breakdown shows that the efiect of amplifier gair,
Ky, completely swamps the effect from all the other parameters.
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